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DEVICE FOR PILOTING A CRAFT HAVING
AN ELECTROMAGNETIC ACTUATOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The mvention relates to a device for piloting a craft—in
particular a craft comprising at least one aerodynamic or
hydrodynamic rudder, such as an aircrait or a ship.

2. Description of the Related Art

Throughout the text, and unless 1indicated otherwise, the
term “piloting” and 1ts derivative terms designate driving a
craft by a human pilot who manoeuvres at least one piloting
member such as a joystick, operating lever, control column,
pedal, etc.

Traditionally, a device for piloting a crait comprises at least
one piloting member connected to at least one driving mem-
ber—in particular a rudder—of the craft, for controlling the
position and/or movement thereof. A piloting member of this
kind may be mounted and guided in rotation by means of at
least one pivot connection about an axis in relation to an
clectromechanical support box. In the case for example of a
sidestick for piloting an aircraft, the piloting member 1s
mounted and guided 1n rotation by means of two pivot con-
nections which are at a right angle and secant ({orming a
central point joint).

When the device for piloting 1s of the type called motor-
1sed, for each pivot connection of the piloting member the
clectromechanical support box comprises at least one actuat-
ing motor (1n general a plurality of actuating motors to ensure
redundancy 1n the case of an aircrait). An actuating motor of
this kind 1n particular allows commands from a computer
system for automatic pilot to be transmitted to the piloting
member and/or a specific dynamic behaviour of the piloting,
member to be simulated in order to bring about a return to
neutral and/or appropriate sensations (in particular sensations
of muscular effort, simulations of friction or force feedback,
assistance with movements, the combination of two piloting
members on a single crait (pilot and copilot, etc.) which allow
or facilitate piloting by a human pilot).

In the most common piloting devices, such as sidesticks for
piloting aircraft, the actuating motors consist 1 electric
motors, 1n particular torque motors or brushless three-phase
rotary motors, which are coupled to the piloting member
through the axis of the corresponding pivot connection, in
most cases by way of a step-down geared transmission. Auto-
matically switching sensors must be provided for controlling,
cach phase of each motor 1n dependence on the position of the
piloting member. Moreover, at least one return spring 1s
coupled to the piloting member to return it to the neutral
position 1n relation to the box. It1s also possible for a damping,
clement to be provided.

All these members, which must moreover be provided 1n
multiple form for the sake of redundancy, are complex and
subject to breakdown (taking into account in particular the
large number of moving parts 1n contact with one another,
which undergo iriction and/or work fatigue), to gaps, and
considerably increase the cost, weight and bulk of the piloting
device.

Thus, WO 03/025394 describes a device for motorisation
ol a joystick, comprising a stator which includes an 1nterior
surface forming a spherical inner face, stator coils arranged at
right angles, and a rotor which 1s movable along the interior
surface of the stator and carries a plurality of magnets having
a radial magnetic moment. A spherical architecture of this
kind 1s particularly bulky and heavy, and 1s relatively ineffec-
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tive from an electromagnetic point of view. Moreover, 1t 1s
complex 1n 1ts implementation.

DE 19501439 also describes a device for motorisation of a
stick of the spherical type having electromagnetic architec-
ture, 1n which the air gap forms a spherical inner face and the
magnetic moment of the permanent magnets acting to pivot
the stick about an axis of a pivot connection extends radially
and not parallel to this axis. This device has the same disad-
vantages.

GB 2350170 describes a joystick device with force feed-
back comprising, for each pivot connection, an electromag-
netic actuator comprising peripheral magnets having a radial
magnetic moment 1n relation to the axis of the pivot connec-
tion, and a fixed armature forming an air gap 1n the shape of a
portion of a cylinder about the axis of the pivot connection.
This double-cylinder architecture does not allow a return
torque to be obtained over a range of angular amplitude which
1s both large and controlled. Moreover, 1n this case too, this
architecture results 1n considerable horizontal bulk.

GB 2412421 describes a method allowing a sensation of
teedback force to be generated 1n a hydraulic actuation lever.
In the first variant, a permanent magnet 1s associated with the
handle and cooperates with one or the other of the electro-
magnetic coils to generate a magnetic force which 1s 1n oppo-
sition to the movement of the lever as a function of the
variation 1n pressure of the fluid in the hydraulic circuit which
1s caused by the user moving the lever. The magnetic moment
of the magnet 1s at a right angle to the axis of the pivot
connection. Depending on the direction 1n which the current
1s applied to the coils, the magnet 1s attracted or repelled 1n
one direction or the other. In the second variant, the electro-
magnetic architecture is of the spherical type. This document
does not therefore enable the provision of a device in which an
clectromagnetic return 1s obtained 1n the absence of electrical
supply or which moreover allows the above-mentioned prob-
lems to be solved.

BRIEF SUMMARY OF THE INVENTION

An object of the ivention 1s therefore to obviate these
disadvantages by proposing a motorised device for piloting
which 1s greatly simplified, lighter 1n weight, less bulky and
less expensive, while being reliable, precise and completely
ergonomic and which moreover provides the return of the
piloting member into a stable neutral position in a simple and
reliable manner.

An object of the invention 1s more particularly to propose a
device for piloting of this kind 1n which the number of parts 1s
considerably reduced, 1n particular with no brushless motor,
step-down gear, spring or damping element, and 1n which the
number of sensors 1s reduced. In particular, an object of the
invention 1s to reduce the number of parts 1n contact with
and/or undergo friction 1n a device for piloting of this kind.

An object of the mvention 1s also to propose a device for
piloting of this kind which moreover 1s capable of great
precision and great sensitivity and 1s compatible with use on
board all kinds of crait, including aircrafts such as aeroplanes
or helicopters.

The invention relates thus to a device for piloting a cratt,
comprising;

a piloting member connected to at least one member for

driving the cratt,

an electromechanical support box on which said piloting

member 1s mounted and guided 1n rotation by means of
at least one p1vot connection about an axis, the electro-
mechanical support box comprising, for each pivot con-
nection of the piloting member 1n relation to said elec-
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tromechanical support box, at least one actuating motor

of the piloting member 1n rotation about said pivot con-

nection, each actuating motor being constituted of an
clectromagnetic actuator comprising:

a movable armature equipped with at least one perma-
nent magnet and associated with the piloting member
such that said movable armature and piloting member
are interdependent in position 1n relation to the move-
ments of the piloting member about said pivot con-
nection,

an electromagnetic circuit including:
an armature, called the fixed armature, arranged to

allow the movable armature to move 1n an air gap
zone opposite at least one surface portion of the
fixed armature, a magnetic moment of the movable
armature sweeping said at least one surface portion
of the fixed armature, and
at least one coil winding which 1s dependent 1n posi-
tion on the fixed armature, said at least one coil
winding being arranged so that 1t could be con-
nected to a source of direct electrical current, said
clectromagnetic circuit being arranged to generate
clectromagnetic torque on said movable armature
in relation to the axis of said pivot connection,
wherein for each pivot connection of the piloting member
relative to said electromechanical support box:

at least one permanent magnet of the movable armature of

cach electromagnetic actuator has a magnetic moment

parallel to the axis of said pivot connection,

said at least one surface portion of the fixed armature

opposite which the movable armature moves 1n the air

gap zone extends radially in relation to the axis of said
p1vot connection,

said electromagnetic circuit is arranged to generate an elec-

tromagnetic return torque of said movable armature in

relation to the axis of said p1vot connection 1nto a stable
neutral position, at least in the absence of electrical
supply to each winding.

Advantageously, the electromagnetic circuit 1s also config-
ured to generate an electromagnetic torque on said movable
armature 1n relation to the axis of said pivot connection, at
least when each winding 1s supplied with electrical current
and/or when each winding 1s short-circuited and/or connected
to a load resistor 1n a manner capable of forming the location
of eddy currents forming a damping element.

An electromagnetic actuator of this kind which 1s provided
for each pivot connection of the piloting member has, surpris-
ingly and despite 1ts simplicity, a great deal of advantages
over prior art devices. In particular, 1t 1s distinguished from an
clectric motor such as a torque motor or a synchronous motor
having a rotor that turns about its axis in a stator.

It 1s a stmple matter to bring about electrical control of an
clectromagnetic actuator of this kind 1n the form of a simple
single-phase direct current without the need for any automati-
cally switching sensor, to obtain all the desired functions for
motorisation of the piloting member, depending on the appli-
cation. Furthermore, there 1s no need to provide a mechanical
transmission with gears or other parts in relative movement
between the movable armature and the piloting member.

Advantageously and according to the invention, the elec-
tromagnetic circuit 1s configured to generate a first torque
value for return to the stable neutral position 1n the absence of
power supply to the windings (resulting from the permanent
magnetisation of the movable armature) and a second torque
value (greater than the first value) for return to the stable
neutral position 1n the presence of electrical supply to the
windings. An electromagnetic actuator of this kind serves by
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design as a “magnetic spring”’, even in the event of a break-
down 1n the electrical supply to the windings. It can easily be
controlled to serve as a damping element, a generator of force
sensations, an aid for the movements, etc.

Advantageously and according to the mnvention, the elec-
tromagnetic circuit 1s configured to generate 1n each air gap
zone a magnetic inductance which 1s substantially parallel to
the axis of said pivot connection, when each winding 1s sup-
plied with electrical current.

Consequently, when each winding 1s supplied with electri-
cal current, the electromagnetic actuator exerts on the mov-
able armature a torque generated by the Laplace forces that
are developed within the actuator according to the so-called
principle of maximum flow, the magnetic field generated by a
magnet of the movable armature tending to align with the
magnetic field generated 1n each air gap zone.

Such an electromagnetic actuator of a device according to
the invention may be the subject to various embodiments.

In particular, advantageously and according to the iven-
tion, said movable armature has a general shape of a thin plate
extending, like the air gap zone, substantially at a right angle
to the axis of said pivot connection.

Consequently, each air gap zone of the fixed armature may
be made as small as possible, which 1s beneficial for improved
elfectiveness. Preferably, each movable armature 1n the form
of a thin plate has a shape which 1s generally curved around
the axis of the pivot connection, 1n particular being as close as
possible to a ring-shaped portion.

The movable armature of an electromagnetic actuator of a
device according to the mnvention may have a single perma-
nent magnet, preferably in the shape of a plate, whereof the
magnetic moment 1s parallel to the axis of the pivot connec-
tion, that 1s to say parallel to its thickness.

Advantageously and according to the invention, said mov-
able armature comprises, for each pivot connection, at least
two—in particular and preferably only two—permanent
magnets which are juxtaposed transversely 1n relation to the
ax1s of said pivot connection, such that they pass successively
opposite at least one air gap zone, with the magnetic moments
ol two successive juxtaposed magnets being oriented 1n oppo-
site directions.

Furthermore, the arrangement of each coil winding in rela-
tion to the box and in relation to s1id fixed armature may be
subject to different variants. Preferably, advantageously and
according to the mvention each coil winding 1s mounted 1n
relation to the box such that it has a winding axis parallel to
the axis of said pivot connection. Each winding 1s of a simple
shape and does not need complex slots to be made in the fixed
armature, but provides optimum electromagnetic eflective-
ness. In particular, advantageously and according to the
invention, said at least one coil winding 1s arranged so as to
exhibit, opposite the movable armature, portions called effec-
tive portions, extending at least substantially radially 1n rela-
tion to the axis of said pivot connection. Consequently, the
magnetic flux generated by the permanent magnets and inter-
sected by the effective portions remains at least substantially
constant. Consequently, 1n this preferred embodiment said at
least one coil winding 1s of an overall tnnangular shape.

Similarly, advantageously and according to the invention,
saild movable armature comprises two permanent magnets
juxtaposed at an angle to one another and successively about
the axis. Consequently, for each pivot connection, the device
according to the invention comprises a single pair of poles
and, from the electromagnetic point of view, a single winding
(formed by a winding on a single side of the movable arma-
ture or by two windings, one each side of the movable arma-
ture). Moreover, advantageously and according to the mnven-
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tion, each permanent magnet has a general shape of a portion
(an angular section) of a ring about the axis of said pivot
connection and extends over an angular sector suitable for the
desired travel of the movable armature, 1n particular between
20° and 90°, for example 1n the order of 70°. In addition the
two permanent magnets are juxtaposed at an angle to one
another and successively about the axis of said p1vot connec-
tion such that the two angularly juxtaposed permanent mag-
nets extend over a total angular sector which 1s suitable for the
desired travel of the movable armature, 1n particular between
40° and 180°, for example 1n the order of 140°.

Moreover, advantageously and according to the mnvention,
the electromagnetic actuator comprises for each pivot con-
nection two coil windings aligned on the same axis parallel to
the axis of said pivot connection, that 1s to say one single coil
winding on each side of said movable armature. Moreover,
said fixed armature has an air gap zone which 1s axially
situated between the two coil windings. This arrangement 1n
particular makes 1t easier to obtain, 1n each air gap zone,
magnetic field lines which are parallel to one another and to
the axis of the pivot connection and at a right angle to the
movable armature, that 1s to say parallel to the magnetic
moments of the magnets thereof.

In addition, advantageously and according to the invention
the fixed armature of said electromagnetic circuit comprises,
for each winding, a polar part which surrounds said coil
winding, with the fixed armature arranged to generate closed-
loop magnetic inductance. A fixed armature of this kind
allows the magnetic inductance field lines to be channeled
while minimising losses.

Moreover, advantageously and according to the mvention,
said electromagnetic circuit comprises limit stops for the
movable armature 1n one direction or the other from said
stable neutral position, the maximum amplitude of angular
deflection of the movable armature about the axis of said pivot
connection being less than 180° —especially in the order of
40°, 1n particular more or less 20° about said stable neutral
position.

These limit stops are usetul for functioming of the piloting
member but also for ensuring proper functioning of the elec-
tromagnetic actuator while ensuring that the magnetised
movable armature remains under the magnetic effect of the
clectromagnetic circuit.

In addition, each electromagnetic actuator may advanta-
geously be integrated within the electromagnetic box. Advan-
tageously and according to the invention, the piloting member
comprises a maneuvering handle extending radially to one
side of each pivot connection beyond the electromagnetic
support box, and wherein said movable armature extends into
the electromagnetic support box opposite the maneuvering,
handle 1n relation to the pivot connection. Thus, none of the
clectromagnetic actuators disturb the operations of transmis-
s1on of the piloting member, and it 1s easier to assemble the
unit. Moreover, each movable armature may serve as a coun-
terweight, which 1s favourable for the ergonomics of func-
tioming and handling the piloting member.

In a preferred embodiment which 1s particularly advanta-
geous, a device according to the invention 1s also character-
1sed 1n that said piloting member 1s mounted and guided 1n
rotation by means of two pivot connections which pivot axes
are at a right angle 1n relation to the electromagnetic support
box, and wherein it includes at least a first electromagnetic
actuator associated with the first prvot connection and at least
a second electromagnetic actuator associated with the second
p1vot connection.

In an advantageous application, the piloting member of a
device for piloting according to the invention is a sidestick for
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piloting an aircraft, mounted on the electromagnetic box by
means of a first piloting p1vot connection in the direction of

pitch and a second piloting p1vot connection in the direction
of roll.

The mvention 1s advantageously applied in particular to an
aircraft such as an aeroplane or a helicopter. The invention
therefore also extends to an aircraft comprising at least one
piloting member connected to at least one rudder of the air-
craft to control the position and movements thereof, charac-
terised 1n that 1t comprises at least one device for piloting
according to the invention for controlling at least one rudder
of this aircraft. However, the invention also applies to other

types of crait, in particular land vehicles and ships or subma-
rines, for example for controlling at least one hydrodynamic
rudder of these latter.

Theinvention also relates to a device for piloting a craft and
an aircrait which are characterised 1n combination by all or
some of the characterised mentioned above or below.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, characteristics and advantages of the inven-
tion will become apparent from reading the description below
of one of 1ts preferred embodiments, which 1s given purely by
way ol non-restrictive example and which refers to the
attached figures, 1n which:

FIG. 1 1s a diagrammatic perspective view of a device for
piloting according to the mvention,

FIG. 2 1s a diagrammatic sectional view along a longitudi-
nal vertical centre plane II-II of the device 1n FIG. 1, partly cut
away and 1llustrating the shape of a winding,

FIG. 3 1s a diagrammatic sectional view along the line
ITI-1IT 1n FIG. 2,

FIG. 4 1s a diagrammatic sectional view along the line
IV-IV 1n FIG. 2,

FIG. 5 1s a sectional diagram, along the same plane as 1n
FIG. 4, of the electromagnetic actuating circuit along the
pitch axis, showing the magnetic field lines 1 the absence of
a current passing through the windings, with the movable
armature 1n the neutral position,

FIGS. 6a and 654 are diagrams similar to FIG. 5, showing
the magnetic field lines induced solely by the electromagnetic
circuit supplied with current, respectively 1n each direction of
passage of the current 1in the windings, 1n the absence of a
movable armature,

FI1G. 7 1s a diagram similar to FIG. 5, showing the magnetic
field lines 1n the presence of a current passing through the
windings, with the movable armature in the neutral position,

FIG. 8 1s a diagram similar to FIG. 7, with the current
passing through the windings in the reverse direction,

FIG. 9 1s a diagram similar to FIG. 5, with the movable
armature 1n a position displaced from the neutral position,

FIG. 10 and FIG. 11 are diagrams similar to FIGS. 7 and 8
respectively, with the movable armature in a position dis-
placed from the neutral position,

FIG. 12 1s an electronics diagram showing a vanant
embodiment of a unit for supplying electricity to an electro-
magnetic actuator of a device according to the invention,

FIG. 13 1s a graph showing the variations in the force
exerted on the piloting member as a function of its angular
position, 1n the absence of an electrical supply to the electro-
magnetic actuators, and

FIG. 14 1s a graph showing the variations in the force
exerted by the roll electromagnetic actuator on the piloting
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member as a function of the angular position of the piloting
member, 1 the presence of an electrical supply to the roll
clectromagnetic actuator.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The piloting member shown in FIG. 1 according to the
invention comprises a piloting member which 1n the example
1s a sidestick 10 for piloting an aircraft, articulated to an
clectromechanical box 11 by means of two p1vot connections
having axes which are at a right angle and secant, namely a
pitch axis 12 and a roll axis 13. A piloting member of this kind
1s connected by way of a transmission system (which may be
formed 1n 1ts entirety or i part by members for transmission
and/or actuation which are mechanical and/or hydraulic and/
or pneumatic and/or electrical or of another type) to at least
one driving member (not shown) of the crait, for example at
least one rudder of the aircratt.

To this end, the sidestick 10 1s mounted on a cradle 14,
which has two longitudinal side walls 16, by way of two
coaxial roller bearings 15 which are integrally formed with
upper parts of the side walls 16 such that they form a pivot
connection in the pitch direction along the axis 12 of roll,
which 1s at a right angle to the side walls 16 of the cradle 14.

The cradle 14 1s hollow and serves as a casing enclosing an
clectromagnetic actuator 17 which allows the sidestick 10 to
be actuated by way of the pivot connection 1n the pitch direc-
tion, that 1s to say to exert an electromagnetic driving torque
on the sidestick 10 about the axis 12, depending on predeter-
mined conditions.

This pitch electromagnetic actuator 17 comprises an arma-
ture, called the fixed armature 18, mounted on the box 11 by
way of the cradle 14, and including two polar parts 18 which
are each fixed inside a respective one of the side walls 16,
defining between them an air gap 19 1n which a movable
armature 20 integrally formed with the sidestick 10 moves as
a function of the prvoting movements of the sidestick 10 about
the pitch axis 12. The polar parts 18 are made of pure 1ron or
of an 1ron alloy (Fe—Ni, Fe—Co, Fe—S1, etc.) or another
solt magnetic alloy. They are solid or laminated (layered) 1n
order to limit losses due to eddy currents. The air gap 19 1s
defined by surface portions of the two polar parts 18 parallel
to one another and opposite one another, these surface por-
tions extending overall transversely in relation to the pitch
axis 12, that 1s to say in a plane at aright angle to this pitch axis
12.

The movable armature 20 1s generally 1n the shape of a
plate and a ring portion around the axis 12, overall extend-
ing—Ilike the air gap 19—in a radial plane at a right angle to
the pitch axis 12 and having two permanent magnets 20a,
20b. Each permanent magnet 20a, 205 1s overall 1n the gen-
eral shape of a ring portion around the axis 12 and extends
over an angular sector that 1s suitable for the desired travel of
the movable armature, 1n particular between 20° and 90°, for
example 1n the order of 70°, and the two permanent magnets
20a, 2056 are juxtaposed at an angle to one another and suc-
cessively about the axis 12, such that they extend over a total
angular sector which 1s suitable for the desired travel of the
movable armature, 1n particular between 40° and 180°, for
example 1n the order of 140°. The angular extent covered by
the magnets 20a, 205 of the movable armature 20 depends on
the desired amphtude of the angular deflection for the sides-
tick 10 about the pitch axis 12. Since this amplitude of angular
deflection 1s less than 180°, the same applies to the total
angular extent ol the movable armature 20 about the pitch axis
12.
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Each permanent magnet 20a, 205 has a magnetic moment
which 1s oriented substantially parallel to the pitch axis 12,
but in the preferred embodiment 1llustrated, the two magnetic
moments of the two permanent magnets 20a, 206 are in
opposite directions to one another. When the piloting member
10 1s moved in rotation about the axis 12, the magnetic
moment of the permanent magnets 20a, 200 sweeps each
surface portion of the fixed armature 18 opposite, delimiting
the air gap 19. The magnetic moment of the permanent mag-
nets 20a, 206 1s overall at a right angle to each of these surface
portions.

Preferably, the two magnets 20a, 205 are 1dentical, 1n par-
ticular extending at an angle, by the same angular sector value
about the axis 12, symmetrically on either side of a transverse
plane contaiming the pitch axis 12 and the principal axis 21 of
the sidestick 10. However, there 1s no reason for successive
magnets 20a, 206 not to have different angular dimensions, in
accordance with the characteristics of the torque to be exerted
on the sidestick 10. Advantageously, the movable armature 20
1s formed by two parts which are fixed to one another and
superposed along the pitch axis 12, each guided by a roller
bearing 15 and forming in particular two plates that are super-
posed by way of their principal face 1n which the permanent
magnets 20a, 2056 are integrated.

Each polar part 18 of the fixed armature defines a housing
for receiving a coil winding 22 of an insulated electrical
conductor, forming an electromagnetic winding capable of
being connected to a source of direct electrical current from a
control and electrical supply unit by way of connectors 23 for
supplying the box 11. In a variant which 1s not illustrated, the
windings 22 are short-circuited or open into a (or a plurality
ol) load resistor(s) such that they generate a passive damping
(that 1s, without an external supply) by means of eddy cur-
rents. The housings for receiving the windings 22 are partly
closed by plates 24 of the polar parts 18, which keep the
windings 22 1n place and form between them the air gap 19.

The windings 22 are coaxial and wound around a winding,
axis 26 which 1s parallel to the pitch axis 12, and 1s overall
centred 1n relation to the cradle 14 and 1s opposite a notional
centre line of the magnets 20q, 205. This axis 26 corresponds
to a central core 27 of each polar part 18. The windings 22 are
opposite one another and parallel to one another (the coils of
a winding 22 being overall parallel to the coils of the other
winding 22) and are also overall parallel to the air gap 19 and
the surface portions of the fixed armature 18 delimiting them.

The winding coils 22 may take different forms (circular,
more or less polygonal, etc.). Preferably, the winding coils 22
are suitable for including opposite the movable armature 20
portions, called effective portions 28a, 285 (1n the cutaway
portion of FIG. 2), which extend at least substantially radially
in relation to the axis 12. Consequently, the magnetic flux
generatec by the permanent magnets 20a, 205 and intersected
by the eflective portions 28a, 285 remains at least substan-
tially constant. Consequently, 1n this preferred embodiment
the winding coils 22 are of an overall triangular shape, as
shown 1n FIG. 2.

The side walls 16 of the cradle are prolonged towards one
another at their longitudinal ends so that they may be fixed to
one another, enclosing the electromagnetic actuator 17.
Moreover, the side walls 16 are suitable for serving as stops
limiting the angular displacement of the movable armature 20
in one direction and the other direction around the pitch axis
12.

The cradle 14 which 1s formed 1n this way 1s 1tself mounted
to rotate on the box 11 along the roll axis 13, which 1s per-
pendicular to the pitch axis 12, by means of two coaxial roller
bearings 35 whereof one 1s integrally formed with the upper
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part of a transverse vertical end wall 36 of the box 11 and the
other 1s 1ntegrally formed with a transverse vertical interme-
diate wall 34 of the box 11.

The box 11 also forms a housing 33 between the interme-
diate wall 34 and a second transverse vertical end wall 32
opposite the end wall 36 carrying one of the roller bearings
35. This housing 33 encloses a roll electromagnetic actuator
37 allowing the sidestick 10 to be actuated by way of the roll
pivot connection, that 1s to say to exert an electromagnetic
driving torque on the sidestick 10 about the axis 13, depend-
ing on predetermined conditions.

Said roll electromagnetic actuator 37 comprises a fixed
armature including two polar parts 38 which are each fixed
inside a respective one of the transverse walls 32, 34, defining
between them an air gap 39 in which a movable armature 40
comprising two permanent magnets 40aq, 406 that succeed
one another 1 the angular direction moves, this movable
armature 40 being integrally formed with the cradle 14 (and
thus 1ndirectly with the sidestick 10 for 1ts roll movements)
and moving as a function of the pivoting movements of the
sidestick 10 about the roll axis 13. The polar parts 38 are made
of pure 1ron or of aniron alloy (Fe—Ni, Fe—Co, Fe—=Si, etc.)
or another soft magnetic alloy. They are solid or laminated
(layered) 1n order to limit losses due to eddy currents.

The roll electromagnetic actuator 37 1s similar to the pitch
clectromagnetic actuator 17 and 1n particular also has wind-
ings of coaxial coils 42 of an msulated electrical conductor,
with a winding 42 being integrally formed with each polar
part 38 of the fixed armature. The windings 42 are centred on
a winding axis 46 which 1s parallel to the roll axis 13, this axis
46 of the windings 42 being opposite a centre line of two
permanent magnets 40a, 405 of the movable armature 40. The
movable armature 40 1s 1n the form of a plate and a ring
portion around the axis 13 and extends radially 1n relation to
the roll axis 01 13 and moves 1n the air gap 39 as a function of
the pivotal movements of the sidestick 10 about the roll axis
13. The windings 42 are opposite one another and parallel to
one another (the coils of a winding 42 being overall parallel to
the coils of the other winding 42) and are also overall parallel
to the air gap 39.

The winding coils 42 may also take different forms (circu-
lar, more or less polygonal, etc.). Preferably, the winding coils
42 are suitable for including opposite the movable armature
40 portions, called effective portions, which extend at least
substantially radially 1n relation to the axis 13. Consequently,
the magnetic flux generated by the permanent magnets 40a,
406 and 1intersected by the effective portions remains at least
substantially constant. Consequently, 1 this preferred
embodiment the winding coils 42 are of an overall triangular
shape.

The magnetised movable armature 40 1s mounted to rotate
and 1s fixed 1n rotation with the cradle 14 about the roll axis 13
by the roller bearing 35 carried by the transverse intermediate
wall 34 and by a second roller bearing 41 which 1s integrally
tormed with the upper part of the transverse end wall 32. Here
too, the amplitude of angular deflection of the movable arma-
ture 40 about the axis 13 1s less than 180°. The magnetic
moment of the permanent magnets 40a, 405 1s parallel to the
roll axis 13 and, 1n the course of the angular deflections of the
sidestick 10 about the roll axis 13, sweeps surface portions of
the fixed armature 38 delimiting the air gap 39, with these
surface portions, the air gap 39 and the movable armature 40
extending radially in relation to the roll axis 13.

Each winding 42 1s also capable of being connected to a
source of direct electrical current from a control and electrical
supply unit by way of connectors 43 for supplying the box 11.
In a variant which 1s not illustrated, the windings 42 are
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short-circuited or open into a (or a plurality of) load resistor(s)
such that they generate a passive damping (that 1s, without an
external supply) by means of eddy currents. The windings 42
for the roll electromagnetic actuator 37 are supplied and
controlled independently of the windings 22 of the pitch
clectromagnetic actuator 17.

FIG. 12 shows an embodiment of a unit 50 for supplying
windings 22 or 42 of an electromagnetic actuator 17 or 37.
This unit 50 receives an mput 51 on the intensity of the
supplied current which i1s compared by a comparator 52 with
a measured value of the intensity drained by the windings.
The result of the comparison 1s sent to a current regulator 58
(for example of the PI, PID, RST or other type), and the output
from this regulator 38 1s sent to a pulse width modulation
generator 53, which controls a switching circuit 54 having
four field effect transistors 55 which are bridge-mounted for
supplying the two windings 1n parallel by chopping a source
of direct current voltage 56 that 1s connected to the switching
circuit 54. The intensity drained by the windings 1s measured
by a sensor 57 placed between the voltage source 56 and the
switching circuit 34.

In a variant which 1s not shown, the supply unit 50 may be
set up to mcorporate redundancy, with each winding of a pair
of windings 22 or 42 being supplied separately by a supply
arm which 1s particular to it and receives an 1nput of the
intensity of the current supplied to this winding. Each supply
arm 1n this case comprises a comparator, a current regulator,
a pulse width modulation generator, a switching circuit hav-
ing bridge-mounted field effect transistors, a source of direct
current voltage that supplies this switching circuit, and a
sensor for measuring the intensity of the current drained
between the voltage source and the switching circuit, this
measured value being fed to the comparator. In a variant
which 1s not shown, the windings 22 or 42 are short-circuited
or output to a (or a plurality of) resistor(s) such that such that
they generate a passive damping (that 1s, without an external
supply) by means of eddy currents.

FIG. 5 shows the lines of the magnetic field induced by the
permanent magnets 20a, 206 of the movable armature 20
when the current supplied to the windings 22 1s zero. As can
be seen, 1n the air gap 19 the magnetic field 1s at a right angle
to the thickness of the movable armature 20 and parallel to the
ax1s 12 of rotation of the movable armature 20 and the piloting
member 10. The magnetic field Ba formed by the first magnet
20a 1s 1n the opposite direction to the magnetic field Bb
formed by the second magnet 205. The fixed armature chan-
nels the field lines. When the movable armature 20 1s 1n place,
centred in the air gap 19 as shown 1n FIG. §, 1t 1s kept in place
by the magnetic field of the permanent magnets 20a, 2056
cooperating with the fixed armature 18. This position thus
corresponds to a central, stable neutral position of the mov-
able armature 20, even 1n the absence of a supply current 1n
the windings 22.

FIGS. 6a and 6b show the lines of the magnetic field
induced by the two windings 22 when the latter are supplied
with electrical current, 1n the absence of the movable arma-
ture 20. As can be seen, the magnetic field 1s at a maximum in
the vicinity of the axis 26 of the windings 22 and at a right
angle to the air gap 19. FIGS. 6a and 65 differ from one
another solely 1n the direction of the current supplying the
windings 22.

FIG. 7 1s a view similar to FIG. 5, showing the lines of the
total magnetic field mnduced by the permanent magnets 20a,
206 and the windings 22 supplied with electrical current in the
direction indicated 1n this figure. Distribution of the magnetic
field 1n the fixed armature 18 generates a force F1 that moves
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the movable armature 20 1n the air gap 19, which results 1n a
torque about the axis 12 of rotation.

FIG. 8 1s a view similar to FIG. 7, showing the lines of the
magnetic field when the windings 22 are supplied with elec-
trical current 1n the opposite direction to that in FIG. 7, as
indicated in this figure. Distribution of the magnetic field 1n
the fixed armature 18 generates a force—F1 that moves the
movable armature 20 1n the air gap 19, 1n the opposite direc-
tion to that 1n FIG. 7, which again results in a torque about its
axis 12 of rotation 1n the opposite direction to that in FIG. 7.

FI1G. 9 shows the situation in which the movable armature
20 1s moved to one side, with the windings 22 not supplied
with electrical current. The fact that the permanent magnets
20a, 2056 cooperate with the fixed armature 18 generates a
force F2 that moves the movable armature 20 1n the air gap 19,
which results 1n a torque about the axis 12 of rotation that
tends to return the movable armature 20 to the stable neutral
position corresponding to that in FIG. 5.

FI1G. 10 shows a situation similar to that in FIG. 9, suppos-
ing that the windings 22 are supplied with electrical current in
the direction indicated 1n this figure. The field induced by the
windings 22 adds a force F3 that moves the movable armature
20 1n the air gap 19, in the same direction as the force F2
generated by the permanent magnets 20a, 2056.

FIG. 11 shows a situation similar to that in FIG. 10, sup-
posing that the windings 22 are supplied with electrical cur-
rent in the direction indicated 1n this figure, opposite to that in
FIG. 10. The field induced by the windings 22 creates a
torce—F3 which opposes the force F2 generated by the per-
manent magnets 20a, 205 and results 1n a torque about the
axis 12 of rotation that tends to move the movable armature 20
even further away from the neutral stable position 1f
E3]>{[E2]

FI1G. 13 shows the results of force measurements, taking as
an example a sidestick 10 according to the invention, as a
function of the angular position of the sidestick 10 when the
current supplying the windings 22, 42 of the two electromag-
netic actuators 1s zero. Curve C1 shows the variations 1n force
through the pitch axis 12, and curve C2 shows the variations
in force through the roll axis 13. As can be seen, the electro-
magnetic actuators 17, 37, even 1n the absence of any current
supplied to the windings, create a return force which 1s sub-
stantially proportional to the amplitude of angular displace-
ment 1n the manner of an elastic spring.

FI1G. 14 shows the results of force measurements on theroll
ax1is 13, onthe one hand in the absence of any current supplied
to the electromagnetic actuator 37 (curve C2), and on the
other with a supply current of maximum intensity in a first
direction corresponding to FIG. 10, in which the torques
induced by the permanent magnets and the windings are
added together (curve C3), and finally with a supply current
of maximum intensity in the opposite direction, correspond-
ing to FI1G. 11, 1n which the torques induced by the permanent
magnets and the windings are 1n opposition (curve C4).

As can be seen, the device for piloting according to the
invention has no return spring or damping element and has a
much reduced number of parts—in particular the number of
parts 1n contact and/or undergoing friction—and has charac-
teristics for actuating the piloting member which are similar
to those obtainable hitherto.

A piloting device of this kind may be used in numerous
applications and may for example allow the generation of
sensations of return to the neutral position and/or variable
forces on the sidestick, of the application of automatic pilot
controls, and so on. The piloting device according to the
invention 1s moreover equipped with various other accessory
members allowing it to function and to be integrated on board
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an aircraft: position sensors, speed sensors, acceleration sen-
sors, force sensors, units for monitoring function, and so on.
It 1s also possible for the mvention to be subject to numer-
ous variant embodiments in relation to the single embodiment
shown 1n the figures. In particular, 1t should be noted that each
clectromagnetic actuator may be equipped with a single
winding such as 22 or 42. Each movable armature 20, 40 may
be equipped with a different number of permanent magnets.
Moreover, the fixed armatures and/or the cradle 14 and/or the
walls of the box 11 are advantageously arranged such that
they serve as a stop limiting the angular deflection of the
piloting member 10 about each axis of rotation 1n one direc-
tion or the other, 1n order 1n particular to ensure that both the
movable armature and the fixed armature and the windings
remain within the magnetic influence of one another.

The invention claimed 1s:

1. A device for piloting a crait, comprising:

a piloting member connected to at least one member for
driving the cratt,

an electromechanical support box on which said piloting
member 1s mounted and guided 1n rotation by means of
at least one p1vot connection about an axis, the electro-
mechanical support box comprising, for each pivot con-
nection of the piloting member 1n relation to said elec-
tromechanical support box, at least one actuating motor
of the piloting member 1n rotation about said pivot con-
nection, each actuating motor being constituted of an
clectromagnetic actuator comprising;

a movable armature equipped with at least one perma-
nent magnet and associated with the piloting member
such that said movable armature and piloting member
are interdependent 1in position 1n relation to the move-
ments of the piloting member about said at least one
p1vot connection,

an electromagnetic circuit including: (1) an armature,
called the fixed armature, arranged to allow the mov-
able armature to move 1n an air gap zone opposite at
least one surface portion of the fixed armature, a mag-
netic moment of the movable armature sweeping said
at least one surface portion of the fixed armature when
said piloting member 1s rotated, and (11) at least one
coil winding which 1s dependent 1n position on the
fixed armature, said at least one coil winding being
arranged so that the at least one co1l winding could be
connected to a source of direct electrical current, said
clectromagnetic circuit being arranged to generate
clectromagnetic torque on said movable armature 1n
relation to the axis of said pivot connection,

wherein for each pivot connection of the piloting member
relative to said electromechanical support box:

at least one permanent magnet of the movable armature
of each electromagnetic actuator which magnetic
moment sweeps at least one surface portion, called at
least one swept surface portion, of the fixed armature
when said piloting member 1s rotated about said pivot
connection, has a magnetic moment that 1s parallel to
the axis of said p1vot connection,

said at least one swept surface portion extends radially 1n
relation to the axis of said pivot connection,

said electromagnetic circuit 1s arranged to generate an
clectromagnetic return torque of said movable arma-
ture 1n relation to the axis of said p1vot connection into
a stable neutral position, at least in the absence of
electrical supply to each winding.

2. The device as claimed in claim 1, wherein the electro-
magnetic circuit 1s configured to generate in each air gap zone
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an 1duced magnetic field which 1s substantially parallel to
the axis of said pivot connection, when each winding 1s sup-
plied with electrical current.

3. The device as claimed 1n claim 2, wherein said movable
armature has a general shape of a thin plate extending, like the
air gap zone, substantially at a right angle to the axis of said
p1vot connection.

4. The device as claimed 1n claim 1, wherein said movable
armature comprises at least two permanent magnets which
are juxtaposed transversely in relation to the axis of said pivot
connection, such that they pass successively opposite said air
gap zone, with the magnetic moments of two successive
juxtaposed magnets being oriented 1n opposite directions.

5. The device as claimed 1n claim 1, wherein each coil
winding 1s mounted 1n relation to said box such that each coil
winding has a winding axis parallel to the axis of said pivot
connection.

6. The device as claimed 1n claim 1, further comprising for
cach pivot connection two coil windings aligned on the same
axis parallel to the axis of said p1vot connection, one on each
side of said movable armature, and wherein said air gap zone
of said fixed armature 1s axially situated between the two
windings.

7. The device as claimed 1n claim 1, wherein the fixed
armature of said electromagnetic circuit comprises, for each
coil winding, a polar part which surrounds said coi1l winding,
with the fixed armature arranged to generate closed-loop
magnetic inductance.

8. The device as claimed 1n claim 1, wherein said electro-
magnetic circuit comprises limit stops for the movable arma-
ture 1n one direction or the other from said stable neutral
position, the maximum amplitude of angular deflection of the
movable armature about the axis of said pivot connection
being less than 180°.

9. The device as claimed 1n claim 8, wherein the maximum
amplitude of angular deflection of the movable armature
about the axis of said p1vot connection 1s 1n the order o1 40°.

10. A device for piloting a craft, comprising:

a piloting member connected to at least one member for

driving the cratt,

an electromechanical support box on which said piloting

member 1s mounted and guided 1n rotation by means of

at least one pivot connection about an axis, the electro-
mechanical support box comprising, for each pivot con-
nection of the piloting member 1n relation to said elec-
tromechanical support box, at least one actuating motor
of the piloting member 1n rotation about said p1vot con-
nection, each actuating motor being constituted of an
clectromagnetic actuator comprising;:

a movable armature equipped with at least one perma-
nent magnet and associated with the piloting member
such that said movable armature and piloting member
are interdependent in position 1n relation to the move-
ments of the piloting member about said at least one
p1vot connection,

an electromagnetic circuit including: (1) an armature,
called the fixed armature, arranged to allow the mov-
able armature to move 1n an air gap zone opposite at
least one surface portion of the fixed armature, a mag-
netic moment of the movable armature sweeping said
at least one surface portion of the fixed armature when
said piloting member 1s rotated, and (11) at least one
coil winding which 1s dependent 1n position on the
fixed armature, said at least one coil winding being
arranged so that the at least one co1l winding could be
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connected to a source of direct electrical current, said
clectromagnetic circuit being arranged to generate
clectromagnetic torque on said movable armature 1n
relation to the axis of said pivot connection,
wherein for each pivot connection of the piloting member
relative to said electromechanical support box:
at least one permanent magnet of the movable armature
of each electromagnetic actuator which magnetic
moment sweeps at least one surface portion, called at
least one swept surface portion, of the fixed armature
when said piloting member is rotated about said pivot
connection, has a magnetic moment that 1s parallel to
the axis of said pivot connection,
said at least one swept surface portion extends radially in
relation to the axis of said pivot connection,
said electromagnetic circuit 1s arranged to generate an
clectromagnetic return torque of said movable arma-
ture 1n relation to the axis of said p1vot connection 1nto
a stable neutral position, at least in the absence of
clectrical supply to each winding,
wherein, the piloting member comprises a manoeuvring
handle extending radially to one side of each pivot con-
nection beyond the electromagnetic support box, and

wherein said movable armature extends into the electro-
magnetic support box entirely opposite the manoeu-
vring handle in relation to the p1vot connection.

11. The device as claimed 1n claim 1, wherein said piloting
member 1s mounted and guided 1n rotation by means of two
pivot connections which pivot axes are at a right angle 1n
relation to the electromagnetic support box, and wherein
includes at least a first electromagnetic actuator associated
with the first pivot connection and at least a second electro-
magnetic actuator associated with the second pivot connec-
tion.

12. The device as claimed 1n claim 1, wherein the piloting
member 15 a sidestick for piloting an aircratft.

13. The device as claimed 1n claim 1, wherein said at least
one coil winding 1s arranged so as to exhibit, opposite the
movable armature, portions called effective portions, extend-
ing at least substantially radially 1n relation to the axis of said
p1vot connection.

14. The device as claimed 1n claim 1, wherein said at least
one coil winding 1s of an overall tnnangular shape.

15. The device as claimed 1n claim 1, wherein each perma-
nent magnet has a general shape of a ring portion around the
axis of said pivot connection.

16. The device as claimed 1n claim 15, wherein said mov-
able armature comprises two permanent magnets which are
juxtaposed at an angle to one another and successively about
the axis, wherein each permanent magnet extends over an
angular sector between 20° and 90°, and wherein the two
angularly juxtaposed permanent magnets extend over a total
angular sector between 40° and 180°.

17. An aircraft comprising at least one piloting member
connected to at least one rudder of the aircrait to control
position and movements thereof, wherein, for controlling the
at least one rudder of the aircraft, the aircraft comprises at
least one of the device according to claim 1:

said electromagnetic circuit 1s arranged to generate an elec-

tromagnetic return torque of said movable armature 1n
relation to the axis of said pivot connection 1nto a stable
neutral position, at least in the absence of electrical
supply to each winding.
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